INTRODUCTION
In today's world, the need to discover deeper and more subtle deposits in less time and cost effective ways becomes a motivation to develop new technology for geophysical logging in mineral exploration. Logging While Drilling (LWD) is a concept that has been recently implemented in the mining industry, in an effort to increase efficiency. As the name implies, it involves the recording of data from various sensors while drilling in order to obtain petrophysical information. However, such logging proved to be very challenging to implement in mineral exploration that is normally performed on smaller budgets and in much slimmer holes when compared to petroleum sector.
There are a number of benefits associated with LWD. Most of these benefits result from access to real-time data, leading to quicker analysis of information. This real-time information can be used to improve decision making at both the planning and operational levels (Beattie, 2009 ); for instance, knowing when to stop drilling, or immediately placing infill drill-holes to map unanticipated changes before the drill rig is remobilized. LWD provides significant advantages, aside from the real time measurements, in that logs are less influenced by drilling fluid invasion as less time elapse in the boreholes before measurement is undertaken (Crain, 2014) .
The application of geophysical logging in mineral exploration has been reviewed by (Glenn W.E. and Nelson P.H., 1979) , (Czubek J.A., 1979) , (Glenn W.E. and Hohmann G. W., 1981) and (Killeen, 1997) . Real commercial LWD tools introduced in the 1970's and in the 1980's have produced a greater variety of measurements, such as Gamma-ray, resistivity, NMR and neutron logs became available for larger drilling systems used in oil and gas exploration (Crain, 2014) .
The most common technique of measuring density in-situ within the borehole is the gamma-gamma log which is a natural gamma-ray logging tool with a weak radioactive source on the nose of probe (Killeen, 1997) . Using a radioactive source makes this method less favourable in mining industry due the possibility of losing the source. This issue encourages this research to develop a technique to determine in-situ assaying of economic mineralization of the formations by means of natural gamma ray spectroscopy alone.
Most of the recent advances related to gamma-ray spectrometry indicate that it is possible to determine the concentrations of Th, U and K with proper calibration (Killeen, 1997) and high quality of collected data. Generally spectral gamma logging performs poorly in mineral wireline logging due to the small hole diameters that limits the size of scintillation crystals making it simply too small to efficiently stop the gamma rays to produce a true representation of the gamma spectrum, plus logging speeds are too fast to acquire sufficient gamma rays to form a representative spectrum (Killeen, 1997) . However, shuttle approach will provide sufficient data quality as the sensor progresses at drilling speed that is 100 times slower than wireline pull rates. At typical drilling rates we expect that approximately 20,000 gamma rays will collected
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METHOD
Natural Gamma ray is based on measurement of natural radioactivity emitted from rocks due to potassium, uranium and thorium concentration. Gamma rays emitted by the formation are scattered and lose energy through three interactions with detectors and the rocks; called the photoelectric effect, Compton scattering, and pair production (Crain, 2014) . The possibilities for elemental analysis based on the different interactions of gamma-rays with matter were first described by (Czubek, 1966) . In the photoelectric absorption process, the gamma ray loses all of its energy in one interaction while in Compton scattering, the gamma ray loses part of its energy and moves off at different angel after interaction and in Pair production, positron-negatron pair appears after gamma rays interaction (Halliday, 1962) .
Therefore the gamma rays can be sorted by their energy level and form a spectral gamma ray log. The quality of such spectra depends upon the type and material of the scintillation detector and rock formation. Determination of required time to have an adequate spectrum is dependent on several detector features, such photon-yield and density, and can be defined empirically from experiment. The probability of photoelectric absorption is roughly proportional to the fifth power of the atomic number, Z, of the element with which the gamma-ray interacts, and inversely proportional to the gamma-ray energy, E. The probability of Compton scattering is roughly proportional to Z/E (Killeen, 1997) . The low energy window is affected by both density and Z while the high energy window is mostly affected by density , thus the backscattered spectrum based on the ratio of the count rates in two energy windows, one at high energy and one at low energy can be applied to obtain information about the elemental composition of the rock (Figure 1) (Killeen, 1997) . Since the (PE/Compton) ratio increases in zones containing high Z materials, this concept can be used to indicate a heavy element to produce assays such as the lead assays (Killeen, 1988 , Killeen, 1987 and (Killeen, 1989) .
In this study BGO crystal was used to collect gamma spectrum at DET CRC site at Brukunga in the drill hole RD01. The experiment was designed to mimic the shuttle behaviour during drilling process. Time spent for collecting gamma rays at each point was 5 minutes and the logging stimulation has been carried out for 10 m. A 1024 channel analyser (MCA) was used with a 8 us shaping time to collect gamma spectra. The long shaping time provided the best resolution and lowest noise as the scintillator pulse from each gamma ray is distorted due to sending an analogue signal up 500m cable to the MCA.
RESULTS
Drill hole RD01 had also been logged in total gamma ray count. A comparison, between standard total count gamma log and spectrum gamma log is shown in figure 2.
The red line represents gamma-ray energy spectra of potassium (K), the blue line is total gamma ray in borehole depth from 141m to 150m.
In general, the Gamma ray Spectra shows a good correlation with total gamma ray counts; thus we can trust in the data set with respect to location. As the BGO crystal light output varies with temperature, causing the K-peak to shift in the channel bins. So a fixed binning of channels can have count variations in the K due to temperature drift and make some variation. We removed this drift manually by picking the peak, but in low activity regions the K-peak can be difficult to locate accurately.
Figure1.
Example gamma ray spectra from a disseminated pyrite band at the DET CRC Brukunga test site. This 1024 channel data set is from 3 minutes of accumulation and has approximately 10,000 gamma rays sorted by energy. A high energy window (Compton area) and a low energy window (photoelectric area) are highlighted. The ratio of these zones can be used as a heavy mineral indicator. In this example the "hump" in the spectrum is the potassium peak
Gamma-ray spectral analysis
As previously mentioned, the ratio of high energy window and low energy window can be applied to obtain information on changes in atomic number (Z) (Figure1) . Thus, this technique increases the possibility of discriminating between economic and non-economic sulphides. The spectral ratio has been calculated for different depths plotted in red on Figure 3 ).
A comparison with geochemical and wireline data confirms that the PE/Compton ratio incenses in formations with higher atomic number due to the increase of elements such as iron (as pyrite) and other traces of sulphide minerals. The geochemical data is from 1m composites so it is very smooth. Whereas, the (simulated) shuttle data samples every 0.25m, which is the effective radius of the Compton scattered gamma rays in many rocks. In our situation the contrasts are fairly small, with the sulphide minerals (mainly pyrite) largely in a disseminated form. The main area of low gamma corresponds to dolerite intrusion and whilst denser than the host rocks, has a lower average atomic numbers than the disseminated sulphides. Thus the heavy mineral ratio has some character of the density (wireline) and the geochemical, with the strongest correlation with the sulphur; thus, it trend with sulphide content mainly.
CONCLUSIONS
These results demonstrate how the slower data collection of the shuttle system allows the collection of high quality spectral gamma logs for mineral exploration. Analysis of ratios of regions of the gamma spectrum, based upon the different types of gamma scattering, can lead to better identification of rock types and underground formations. To study the effect on the spectral ratio of different materials, in particular minerals containing heavy elements, more experiments are planned to determine the optimum energy windows to use for this spectral ratio, as well as to look at other parameters within the spectrum for further rock property measurements independent of K, U, and Th concentrations. 
